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Summary. A complete physical map of the Codium fragile 
chloroplast genome was constructed and the locations of 
a number of chloroplast genes were determined. Several 
features of this circular genome are unusual. At 89 kb in 
size, it is the smallest chloroplast genome known. Unlike 
most chloroplast genomes it lacks any large repeat elements. 
The 8 kb spacer region between the 16S and 23S rRNA 
genes is the largest such spacer characterized to date in 
chloroplast DNA. This spacer region is also unusual in 
that it contains the rps12 gene or at least a portion thereof. 
Three regions polymorphic for size are present in the Co- 
dium chloroplast genome. The psbA and psbC genes map 
closely to one of these regions, another region is in the 
spacer between the 16 S and 23 S rRNA genes and the third 
is very close to or possibly within the 16S rRNA gene. 
The gene order in the Codium genome bears no marked 
resemblance to either the "consensus" vascular plant order 
or to that of any green algal or bryophyte genome. 
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Introduction 
Most of the chloroplast DNAs (cpDNAs) that have been 
characterized to date are those of land plants. The cpDNAs 
of the over 500 land plants that have been examined are 
unicircular and all but three fall into a size range of 120 
to 160 kb (Palmer 1985a, b). With the exceptions of two 
groups, land plant cpDNAs are segmented into four parts 
made up of a duplicated sequence present as an inverted 
repeat that partitions the rest of the molecule into small 
and large single copy regions. In addition, a complete set 
of ribosomal RNA (rRNA) genes is present within each 
repeat unit and the 23 S gene is always close to the small 
single copy region. The linear order of chloroplast genes 
in most angiosperms also extends to a fern and a gymnosp- 
erm, allowing one to infer a consensus gene order for vascu- 
lar plants (Palmer and Stein 1982, 1986). Two bryophytes 
have the same gene order as the majority of vascular plants 
with the exception of one shared inversion in the liverwort 
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Marchantia (Ohyama et al. 1986) and the moss Physeomi- 
trella (Calie and Hughes 1987) and one unique rearrange- 
ment in Physeomitrella. Land plant cpDNAs, then, are 
highly conserved, even among taxa that diverged over 
345-375 million years ago (Scagel et al. 1982; Schofield 
1985). 
The information available on green algal cpDNAs is 
limited. The chloroplast genome size is known for one or 
a few species in four genera - Acetabularia (Green 1976; 
Padmanabhan and Green 1978), Codium (Hedberg et al. 
1981), Chlorella (Yamada 1983), and Chlamydomonas (Ro- 
chaix 1978; Lemieux and Lemieux 1985; Lemieux etal. 
1985; Palmer et al. 1985). The genome size of Acetabularia 
is estimated at 2000 kb and that of Codium at 85 kb, so 
in terms of size range alone, green algal cpDNAs are quite 
different from those of land plants. Structural information 
is available only for Chlamydomonas and Chlorella, and 
detailed gene mapping has been done in Chlamydomonas 
only. While there are large inverted repeats encoding rRNA 
genes in these two algal genera, the resemblance to land 
plant cpDNAs stops there. The content and relative posi- 
tion of the genes in the inverted repeats in Chlamydomonas 
are different from land plants. Further, comparative details 
of gene arrangement reveal many differences even among 
members of the genus Chlamydomonas due to extensive 
rearrangements (Lemieux et al. 1985). In no case does a 
Chlamydomonas species have a gene order resembling that 
of any land plant. In summary then, structural features 
of land plant chloroplast genomes are highly conserved 
while those of green algae are highly variable. The green 
algal genomes investigated to date bear no significant re- 
semblance to those of land plants or even to each other 
except in the case of two pairs of closely related Chlamydo- 
monas species (Lemieux et al. 1985; Palmer et al. 1985). 
In order to expand our knowledge of algal cpDNAs 
we have constructed a complete physical map of the Codium 
fragile genome and have mapped a number of chloroplast 
genes. Codium cpDNA has already been shown to be unique 
by virtue of its small size (Hedberg et al. 1981). In addition, 
Francis et al. (1987) have shown that the 4.5S RNAs of 
Codium and land plants are unusually divergent in primary 
sequence, although they retain the potential to form similar 
secondary structures. Our results show that Codium 
cpDNA is unusual in a number of other respects, including 
a lack of any large inverted repeats, the presence of three 
regions of hypervariable size, and a great separation be- 
tween the 16 S and 23 S rRNA genes. 
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Table 1. Gene probes" 
Gene designation Plant source Hybridization signal 
3" rpst 2-5'rps7 Tobacco + 
rp123-5'rp12 Tobacco - 
3'rpI2-rps19-5'rp122 Tobacco - 
3'rp122-5'rps3 Tobacco - 
3"rps3-5'rp116 Tobacco - 
3' rpll 6-rpll 4-5' rps8 Tobacco - 
3'rps8-infA Spinach - 
rpsl 1 Spinach - 
rpoA Spinach - 
3'psbB Spinach + 
5'psbB Spinach + 
5'psbE Spinach - 
3'psbE-psbF Spinach - 
3'petA Pea - 
5'petA Pea - 
3"rbcL Pea + 
rbeL Pea + 
5'rbeL Pea + 
atpB Pea + 
atpE Spinach + 
psaA Spinach + 
psaB Spinach + 
3"psbC Spinach + 
3'psbD-5'psbC Pea + 
5"psbD Pea + 
rpoB Tobacco + 
rpoC Pea - 
rps2-atpI-5'atpH Pea - 
3"atpH Pea - 
atpF-5"atpA Spinach + 
3'atpA Spinach + 
rpsl6 Tobacco - 
5'psbA Pea + 
3"psbA Pea + 
tufA b Chlamydomonas + 
16 S rRNA c Tobacco + 
23 S rRNA d Tobacco + 
a Sources of gene probes except tufA, 16S rRNA and 23S rRNA 
are described in detail in Jansen and Palmer (1987) 
b 374 bp PstI-EeoRI internal fragment extending 112486 bp past 
the initiation codon (S. Baldauf, personal communication) 
c 3269 bp BamHI fragment containing the entire 16S rRNA gene 
and 1226 bp of flanking sequence at its 5' end and 555 bp of flank- 
ing sequence at its 3' end 
d 1680 bp NheI-SacI internal fragment extending from positions 
811-2491 past the 5' end of the 23 S rRNA gene 
Materials and methods 
Plants of  C. fragile were collected f rom the intert idal  zone 
at Peconic Bay, Long Island, New York.  Three ki logram 
batches of  Codium were ground in an Oster  Juice Extrac tor  
and the l iquid extract  combined immediate ly  with 1.5 1 of  
isolat ion buffer (0.32 M sorbitol,  50.0 m M  Hepes, p H  7.8, 
5.0 m M  EDTA,  8.0% polyethylene glycol 400, 75.0 mg/1 
DTT,  0.5 g/1 defat ted BSA). The mixture was spun for 10 s 
in a Sorvall  GS3 ro tor  at 5000 rpm and the chloroplast  
pellet carefully resuspended in 2.5 1 of  the isolat ion buffer. 
The chloroplas t  suspension was then passed through a sin- 
gle layer of  Mirac lo th  and spun again for 10 s in a Sorvall  
GS3 ro tor  at  5000 rpm. The pellets were resuspended in 
a minimal  amount  of  isolat ion buffer and the crude chloro- 
plast  suspensions combined.  This was then layered on top  
o f  an equal volume o f  1.6 M sucrose, 10 m M  Tris, p H  8.0, 
and spun for 1 h in a Sorvall  HB-4 ro tor  at 10000 rpm. 
Chloroplasts  were recovered from the interface and washed 
twice by centrifuging in isolat ion buffer. The resulting pel- 
lets were resuspended and lysed in 7.0 ml of  TE buffer 
(10 m M  Tris, 1 m M  EDTA,  p H  7.8) containing 1% sodium 
sarcosyl. Bisbenzimide H33258 was added to a final concen- 
t ra t ion of  0.04 mg/ml and the solution was brought  to a 
final refractive index of  1.3895 with cesium chloride. The 
solution was then spun for 36 h in a Beckman Ti 55.2 ro tor  
at  40000 rpm. The upper  c p D N A  band was carefully re- 
moved and centrifuged again under  the above conditions.  
Fol lowing recentrifugation, Codium c p D N A  was extracted 
with 1-propanol  to remove the bisbenzimide and dialyzed 
against  TE buffer to remove cesium chloride. The D N A  
was concentrated by butanol  extraction, phenol  extracted, 
and collected by ethanol  precipitat ion.  
Codium c p D N A  was cut with the restriction endonucle-  
ases BcII, ClaI, EcoRI, and XhoI as prescribed by the sup- 
plier (BRL). Digests were electrophoresed through 0.8% 
agarose. Fragment  sizes were determined by compar ison  
with known standards.  
Restr ict ion site and gene maps  were constructed by bi- 
directional  transfer of  D N A  fragments from agarose gels 
to Zetabind  filters and subsequent Southern hybridizat ion 
o f  these filters. Hybr id iza t ion  probes consisted of  32p-la- 
beled gel-isolated BelI and XhoI fragments of  Codium 
c p D N A  and recombinant  plasmids containing the heterolo-  
gous gene probes  listed in Table 1. Nick translations,  filter 
hybridizat ions (60 ° C and 4 x SSC for heterologous probes 
and 65 ° C and 4 x SSC for homologous  probes)  were per- 
formed as described (Palmer 1982, 1986). 
Results and discussion 
Physical structure and gene content 
Codium c p D N A  was digested to complet ion with the restric- 
t ion endonucleases BclI, ClaI, EcoRI, and XhoI (Fig. I). 
The summat ion  of  f ragment  sizes for these restriction en- 
zymes indicates a genome size of  89 kb (Table 2). This is 
in good  agreement with the estimate o f  Hedberg  et al. 
(1981) of  85 kb. 
A restriction fragment  and gene map,  constructed as 
described in Mater ia ls  and methods,  reveals that  the 89 kb  
Codium genome exists as a single circular chromosome (Fig. 
2). A n  unusual  feature of  Codium c p D N A  is the absence 
of  any large repeats (Fig. 2). Almost  all land plant  cpDNAs ,  
as well as those in Chlamydomonas (Rochaix •978; Lemieux 
and Lemieux •985; Lemieux et al. 1985; Palmer  et al. •985) 
and Chlorella (Yamada  1983), have an inverted repeat  that  
ranges in size from 10 to 76 kb and contains the r R N A  
genes. The unusually small size of  the Codium chloroplast  
genome can only in par t  be accounted for by the absence 
of  a large inverted repeat.  
In terms o f  gene content,  the major  similarities between 
Codium and land plant  c p D N A s  are the presence of  com- 
mon genes encoding r R N A s  and 12 proteins (Table 1). 
However,  a number  of  gene probes did  not  give any au tora-  
diographic  signal under  the experimental  condit ions used 
(Table 1). These probes  include rpoA, psbE, psbF, petA, 
atpI, atpH, and all the r ibosomal  protein  genes tested with 
one exception (see Table 1). The lack o f  hybr idizat ion of  
B C E X  B C E  X B C E X  
psbC 16S 
Fig. 1. Digestion products of Codiumfragile chloroplast DNA and 
results of Southern hybridizations with radiolabeled psbC and 16 S 
rRNA probes. DNA was cut with the following restriction endonu- 
cleases: lane B, BclI; lane C, ClaI, lane E, EcoRI; lane X, XhoI. 
Fragment sizes were determined by co-electrophoresis with a range 
of phage lambda DNA fragments produced by single digestions 
with HindIII, SalI, and SmaI and double digestions with EcoRI + 
HindlII and EcoRI + KpnI. Sizes are indicated in kilobases 
Table 2. Restriction endonuclease fragments 
DNA. Sizes are given in Kilobases 
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of Codium chloroplast 
BclI Clal EcoRI XhoI 
15.0 12.0 13.0 
10.3 10.4 7.0 
9.0 8.2 5.8 a 
8.1 7.3 5.6 
6.5 6.6 5.3 
5.1 4.9 a 5.0 
4.9 4.8(2) 3.7 
4.7 4.3" 3.6 
4.3 4.1 3.4 
3.3a 3.8 3.2(2) 
2.7 3.2 2.8 
2.6 2.9 2.7 
2.1 2.5 a 2.6 
2.0 2.1 2.3 
1.8 a 1.7 1.9 
1.6 (2) 1.5 1.8" 
1.3 1.3 1.7 
1.2 0.8 1.6 
0,7 0.7 1.5 
0.5 0.6 1.2 (2) 























" Blurred fragment 
the other probes may be because these proteins are not  
under the same constraints  with regard to sequence conser- 
vat ion as the major i ty  of  the photosynthet ic  genes and 
r R N A  genes that  did give au toradiographic  signals. Alter-  
natively, some of  these genes may be absent from the Co- 
dium chloroplast  genome. This is a distinct possibility, as 
the sum of  total  amino acid, t R N A ,  and r R N A  specifying 
sequence of  land plants,  excluding one of  the inverted re- 
peats, is 80 kb. That  leaves less than 9 kb  of  noncoding 
sequence (including all regulatory sequences, introns and 
spacer sequences) in Codium, assuming its chloroplast  ge- 
nome does have the same genic complement  as that  of  land 
plants. 
There is one clear difference between Codium c p D N A  
and land plant  c p D N A s  with regard to gene content.  I t  
has been established from sequence da ta  that  the tufA gene, 
which encodes the polypept ide  elongat ion factor Ef-Tu is 
absent  from the c p D N A s  of  tobacco and Marchantia 
(Ohyama et al. 1986; Shinozaki  et al. 1986). The tufa probe  
used here, which is from Chlamydomonas, hybridizes to Co- 
dium c p D N A  (Fig. 2). Fur ther ,  a b road  survey indicates 
that  tufA is present in the c p D N A s  of  many  green algae, 
but  is absent from all land plant  c p D N A s  (J. Manhar t ,  
S. Ba ldauf  and J. Palmer,  unpublished results). 
The distance between the 16S and 23S r R N A s  genes 
in Codium is est imated as 8 kb. This is the largest separat ion 
of  these two genes in any cpDNA.  The spacer between 
the 16S and 23S r R N A s  normal ly  is 2.5 kb or  smaller in 
size and contains the t R N A  ne and t R N A  h~" genes. Chlorella 
ellipsoidea is an exception as the spacer is 4.8 kb and con- 
tains the gene for t R N A  he, but  not  that  for t R N A  Ala (Ya- 
mada  and Shimaji 1986). Moreover ,  there are four open 
reading frames present in the Chlorella spacer that  are not  
found in the spacer of  any other organisms characterized 
to date. Wi th  the exception of  Chlorella, the 16S and 23S 
r R N A  genes in chloroplast  genomes are t ranscr ibed as a 
single unit  (Whitfield and Bottomley 1983); in Chlorella 
the 23 S r R N A  gene is coded on the opposi te  s t rand in 
the reverse order  (Yamada  and Shimaji 1986). In  Codium 
cpDNA,  the large separat ion between the 16S and 23S 
r R N A  genes and the presence of  at  least a por t ion  of  the 
rps12 gene in this region (Fig. 2) makes  it unlikely that  
the r R N A  genes are cotranscribed.  None  of  the other gene 
probes mapped  to the region between the r R N A  genes. 
I f  no other genes are present in this region, then the Codium 
chloroplast  genome almost  certainly must  contain fewer 
genes than the chloroplast  genomes of  land plants. This 
would indicate a more  extensive transfer of  chloroplast  
genes to the nucleus in Codium than in any other photosyn-  
thetic organism. 
Gene arrangement 
The gene order  in Codium c p D N A  does not  show any 
strong similarities to the consensus vascular  p lant  gene 
order  as exemplified by that  of  tobacco (Fig. 3). One char- 
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Fig. 2. Physical and gene maps of the Codium 
fragile chloroplast genome. Gene acronyms are 
as in Table l. The relative positions of the atpB 
and atpE genes have not been determined. The 
gaps between psaA-psaB, psaB-psbD, psbD- 
psbC, and psbC-psbA are approximated but the 
relative positions are as shown. Sizes are given 
in kilobases 
_, I l l  
T o b a c c o  - 1 5 6  k b  
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Fig. 3. Comparisons of tobacco and 
Codium chloroplast DNA gene orders. 
Codium gene order is from Fig. 2; 
tobacco gene order is from Shinozaki 
et al. (1986). Gene acronyms are as in 
Table 1. The relative positions of the 
atpB and atpE genes have not been 
determined in Codium. *tufa is absent 
from tobacco chloroplast DNA 
acteristic that  Codium and land p lant  c p D N A s  have in com- 
mon is the conservat ion of  three presumptively cotrans-  
cribed pairs o f  genes - psbC-psbD, psaA-psaB, and atpB- 
atpE. Although  the first two pairs are close in both  ge- 
nomes, their relative or ientat ion is reversed (Fig. 3). The 
gene order  in Codium c p D N A  does not  resemble that  of  
either of  the Chlamydomonas genomes for which detailed 
mapping  informat ion  is available (Lemieux et al. 1985). 
I t  has been demonst ra ted  in tobacco c p D N A  that  rps12 
consists of  three exons. Exon 1 and exons 2 and 3 are 
encoded on separate transcripts  and a trans-splicing event 
occurs during the format ion  o f  mature  rpsl 2 m R N A  (Hilde- 
b rand  et al. 1988). The 3'rpsl2-5"rps7 probe  is f rom tobacco 
and contains exons 2 and 3 of  rps]2, which are separated 
by an intron,  and 29 bp of  rps7. This probe  mapped  to 
nonadjacent  fragments in Codium c p D N A  (Fig. 2) and hy- 
bridized more strongly to the region between the 16S and 
23 S r R N A  genes than to the region on the opposi te  side 
of  the chromosome which contains the psaA, psaB, and 
psbD genes. The small amount  o f  rps7 sequence present  
in this probe  makes it unlikely that  this gene was responsible 
for hybr idizat ion to either of  the two regions. This raises 
the possibil i ty that  trans-splicing of rpsl2 is also occurring 
in Codium. I f  this is the case, the hybridizat ion pa t te rn  
would indicate a different dis tr ibut ion of  rpsl2 exons from 
that  found in tobacco.  Alternatively,  the pat tern  could be 
due to gene duplication.  Sequence analysis should indicate 
whether or  not  rpsl2 is trans-spliced in Codium. 
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Hypervariable regions 
One unusual  characterist ic of  Codium c p D N A  is the pres- 
ence of  blurred restriction fragments (Fig. 2). This is 
especially apparent  in the ClaI digest. The blurred band 
at 4.3 kb reflects var ia t ion at a single locus since the gel- 
isolated 15 kb BclI fragment,  thepsbA probe  and the 3'psbC 
probe  all hybridize to it  (Fig. 1). The size variants appear  
to extend from 4.1 to 4.5 kb, for a size range of  0.4 kb. 
These blurred fragments are likely due to size var ia t ion 
since the same blur  pat tern  is seen at  a given locus with 
all restriction enzymes used and the blurr ing effect is less 
pronounced  in the larger fragments (Fig. 1). This blurr ing 
of  fragments occurs in two other places and is apparent  
in the 2.5 kb ClaI and 1.8 kb EcoRI fragments (Fig. 1). 
One of  these regions maps  to the spacer between the 16S 
and 23 S r R N A  genes (Fig. 2). The third region is quite 
close to, or possibly within, the 16S gene (Fig. 2) as the 
16S r R N A  gene probe  hybridizes quite strongly to the 
1.8 kb EcoRI blurred band  (Fig. 1). The range of  size varia-  
t ion of  each o f  these variant  regions is est imated at 200 bp 
(Fig. 1). 
The presence of  a region with size polymorphism has 
been documented in Euglena c p D N A  (Schlunegger et al. 
1983; Schlunegger and Stutz 1984) and it has been sug- 
gested that  this region and its immediate  vicinity may  be 
involved in the ini t iat ion o f  D N A  replication. The total  
extent of  size var ia t ion in Euglena is 800 bp and is likely 
due to unequal  crossovers within a 55 bp tandem repeat  
region (Schlunegger and Stutz 1984). Cloning and sequenc- 
ing of  the region between the 16S and 23S r R N A  genes, 
which contains at least one and possibly two of  the hyper-  
variable regions in Codium, is currently underway and 
should help determine the cause of  the size variat ion.  
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